Introduction
Carbohydrate (CHO) ingestion and the maintenance of euglycaemic blood glucose concentration have long been known to improve performance during prolonged exercise (> 90 min duration) 12, 15, 22. However, it was not until the 1980s that the performance benefits of CHO ingestion during prolonged exercise were finally resolved.
It has been shown by many studies that cycling endurance performance is enhanced when CHO is ingested during prolonged exercise. [4] [5] [6] [7] [8] [9] There are two mechanisms that were originally proposed to explain these findings. The first suggests that there is a muscle glycogen-sparing effect. 1, 9, 16 However, this mechanism has been refuted by a number of studies, including those of Bosch et al., 2 Coyle et al., 8 Flynn et al. 13 and Levine et al. 21 The second and more widely accepted mechanism is that CHO feeding delays the onset of fatigue by maintaining blood glucose concentrations and thereby preventing hypoglycaemia, via a liver glycogensparing effect.
2,3
The maximum rate of ingested CHO oxidation that can be achieved during the later stages of prolonged exercise is approximately 1 g.minute -1 (for review see 19 ). Hawley et al. 18 reported a similar upper limit to exogenous CHO oxidation (1.1 ± 0.1 g.min -1 ) after 120 minutes of exercise, when glucose was infused to maintain euglycaemia. In the same study it was shown that under conditions of hyperglycaemia (~10 mmol.l -1 ), the plasma glucose oxidation increased to ~ 1.8 g.min -1 during the final 30 minutes of exercise. This is in agreement with the suggestion by Coyle et al. 10 that oxidation rates of exogenous CHO may be able to reach 2 g per minute under hyperglycaemic conditions.
These studies, as well as the performance studies described previously, were all carried out at constant workloads (70-75% of V0 2max ). Typically, during competitive road cycling races the workload is not constant but varies, depending on the terrain, course profile, environmental conditions and the racing strategies of the cycling group. 24 It is also important to note that none of the studies on the oxidation rate during hyperglycaemia investigated the possible associated effects on cycling performance. Hawley et al., 17 however, have suggested that hyperinsulinaemia associated with hyperglycaemia may have an adverse effect on endurance performance during the first 90 -120 minutes of prolonged exhaustive exercise.
Thus, the aim of the current study was to investigate any possible ergogenic effect of maintained hyperglycaemia on performance during a 100 km cycling laboratory time trial (TT) that was designed to simulate the variable intensity of competitive road racing.
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Abstract
Objectives. The aim of this study was to determine whether the elevated plasma glucose oxidation rate (~ 1.8 g.min -1 ) in the latter stages of prolonged exercise in subjects in which hyperglycaemia (± 10 mmol.l -1 ) is maintained via a glucose clamp, improves 100 km cycling time-trial (TT) performance.
Design. Seven endurance-trained male cyclists (22±4 yrs) participated in this randomised crossover trial. On two occasions, separated by 7 -10 days, subjects performed a self-paced TT in the laboratory. During one TT blood glucose was maintained at a euglycaemic concentration of ± 5 mmol.l -1 (ETT) and during the other, at ±10 mmol.l 
Methods subjects
Seven endurance-trained male cyclists participated in the study, which was approved by the Research Ethics Committee of the Faculty of Health Sciences of the University of Cape Town. All cyclists were training between 200 and 400 km per week and had completed a 105 km road race in less than 3 hours. Subject characteristics are shown in Table I . Prior to the start of the trial all subjects were informed of the purpose of the investigation, and since glucose was infused intravenously and blood samples were taken, the procedures and risks involved were explained to the subjects and their written informed consent was obtained.
preliminary testing
On their first visit to the laboratory, subjects were tested for predicted peak oxygen uptake (V0 2peak ) and peak power output (PPO) on their own bicycles, which were mounted on a Kingcycle ergometer (Kingcycle Ltd, High Wycombe, UK). The bicycle is attached to the ergometry system by the front fork and supported under the bottom bracket by an adjustable pillar. The bottom bracket support is used to adjust the rolling resistance of the rear wheel on an air-braked flywheel and the system is calibrated as previously reported by Palmer et al. 25 After a 5-10 min self-paced warm up, the test began at a workload of 200 W, which was increased by 20 W.min -1 until volitional exhaustion. During each incremental test to exhaustion, subjects were instructed to remain in a seated position. PPO was taken as the highest average power during any 60 s period of the test. The ergometry system software predicted V0 2peak from the PPO.
On their second visit to the laboratory, subjects performed a familiarisation ride. This ride was a TT identical to that which would be ridden during the experimental trials (described below), except that there was no intervention of any sort.
experimental trials
Each subject completed a single blinded randomised crossover design of two experimental TTs separated by 7-10 days.
TTs were performed at the same time of the day under standard laboratory conditions (~22°C and 55% relative humidity). A large electric fan was used to cool the subjects during exercise. Subjects were requested to perform the same type of training for the duration of the trial and to refrain from heavy physical exercise on the day before each trial. They were also instructed to follow their normal diet for the 3 days leading up to each TT. The food consumed prior to the first TT was repeated prior to the next. They were required to keep training diaries and dietary records to assess their compliance to these conditions. On the morning of each TT subjects reported to the laboratory between 07h00 and 08h00, 12-14 hours after an overnight fast. At this time their bicycle was mounted on the Kingcycle ergometer and the system was calibrated as previously described. A flexible 20-gauge Teflon cannula (Jelco; Johnson and Johnson, Halfway House, Gauteng, SA) attached to a three-way stopcock was positioned in an antecubital vein of the right forearm. This cannula was used for the variablerate glucose (20% dextrose) infusion used to maintain blood glucose concentration at the predetermined value of either 5 mmol.l -1 (ETT) or 10 mmol.l -1 (HTT) for the duration of the TT.
A flexible 18-gauge Teflon cannula attached to a three-way stopcock was positioned in an antecubital vein of the left forearm for blood sampling during the TTs. Blood samples (~ 0.5 ml) were drawn at 5 min intervals to measure blood glucose concentrations, so that glucose infusion rates could be adjusted via the glucose clamp technique 11 and modified for use during exercise by the authors to maintain the desired blood glucose concentration. A pocket gluco-meter (Accutrend; Boehringer Mannheim, Mannheim, Germany) was used to measure blood glucose concentration. The accuracy of the glucometer has previously been verified by comparison with a Beckman glucose analyser (Glucose analyser 2; Beckman Instruments, Fullerton, CA). Subjects were then connected to the infusion pump (Accura TG 2000, Trigate Ltd., Randburg, SA) used to infuse the 20% dextrose solution, mounted their bicycle and began a 5-10 min self-paced warm up. Just prior to the completion of the warm up, an initial priming dose of glucose was infused to achieve the desired blood glucose concentration for that TT (i.e. 5 or 10 mmol.l -1 ). VO 2peak = protected peak oxygen uptake; P:W = power to weight ratio; HR peak = peak heart rate.
Following the warm up, subjects began the TT. In an attempt to mimic the changes in intensity associated with most competitive cycling road races, the TT included a series of high-intensity periods (HIP): 5 bouts of 1 km duration after 10, 32, 52, 72 and 99 km, as well as 4 bouts of 4 km HIP after 20, 40, 60 and 80 km. This protocol has previously been shown to be a repeatable measurement of performance (within-cyclist coefficient of variation of 1.7%). 26 Subjects were instructed to complete the TT in 'the fastest possible time', taking into consideration the HIP that were included in the protocol. Prior to the start of a HIP, an investigator gave a distance count down and instructed the cyclist to complete the HIP in the fastest possible time. A financial reward was offered to the subject who completed the entire trial and the HIP combined in the fastest time. In addition, verbal encouragement was also given during HIP in a further attempt to evoke a maximal effort. Prior to and during the ride, subjects viewed a diagram of the 'course profile', which graphically illustrated where each of the HIP occurred. Instantaneous power output was recorded at 500 m intervals during HIP to provide an estimate of average power output. Throughout each trial, power output, speed and elapsed time were monitored continuously and stored on computer. Heart rate (HR) was recorded using a Polar SportTester HR monitor (Polar Electro, Kempele, Finland). The only feedback the subjects received during the TT was elapsed distance and HR. During each TT, subjects were permitted to ingest water ad libitum.
statistical analyses
All results are presented as means ± SD. Statistical significance (p < 0.05) of between group differences was assessed by a two-way analysis of variance (ANOVA) with repeated measures over time (Statistica for Windows, Version 6, Statsoft, Tulsa, OK, USA), followed by a Tukey's honest significant difference post-hoc test.
Results
Training and dietary diaries collected on the morning of each trial confirmed that each subject had followed a similar pretrial routine for both trials. None of the subjects participated in high-intensity or long-duration exercise on the day before any of the trials. Mean blood glucose concentrations maintained during the trials by the glucose clamp were 4.9±0.2 mmol.l The mean time, power output and heart rate for ETT and HTT were similar (Table II) . There was also no significant time by group interaction effects between the trials with regards to time taken or mean power for the HIP (1 and 4 km) over the course of each TT.
The subjects became fatigued during the trial as the fourth l km HIP for both trials was significantly slower (p=0.016) compared with the first (Fig. 1A) and had a significantly lower mean power (p=0.004) compared with the first and the last HIP (p=0.02) (Fig. 1B) . The mean power of the third 1 km HIP was also significantly lower (p=0.02) than the first in both trials (Fig. 1B) . The second, third and fourth 4 km HIP (for both trials), were significantly slower (p=0.03, p=0.02 and p=0.01 respectively) compared with the first (Fig. 2 A) . The mean power of the fourth 4 km HIP was significantly lower (p=0.01) compared with the first (Fig. 2B) .
Discussion
The most important finding was that the maintenance of hyperglycaemia had no significant effect on cycling performance during a prolonged (~140 min) self-paced TT, compared with euglycaemic control subjects. This finding is surprising, since glucose oxidation rates have been shown to reach ~1.8 g.min -1 during the last 20 minutes of an intense (~70 % of V0 2max ) 2 hour cycle bout when hyperglycaemia is Values are mean ± SD. is maintained via intravenous infusion of glucose. The higher oxidation rate suggests an improved supply of oxidative substrate to the exercising muscle, and therefore could result in an improved performance.
Endogenous liver glucose turnover is completely suppressed and fat oxidation is inhibited under these hyperglycaemic conditions, when initial muscle glycogen levels are normal (~130 mmol.kg -1 wet wt) 18 it can be assumed that subjects in this trial would have had similar, normal muscle glycogen concentrations at the start of each TT as they followed their normal diet for 3 days prior to each trial, and had not taken part in any heavy physical activity for at least 1 day prior to each TT. This is an important consideration as Weltan et al. 28, 29 have demonstrated that whole-body metabolism responses are different when initial muscle glycogen levels are low (~ 80 mmol.kg -1 wet wt). Under these circumstances, muscle glycogen utilisation is reduced and fat oxidation rates are elevated. However, glucose oxidation rates are unaffected by initial muscle glycogen levels when either hyperglycaemia or euglycaemia was maintained via intravenous infusion of glucose. 28, 29 Thus, in the current study, it is unlikely that differences in muscle glycogen concentration at the start of the TT would have had any influence on the rate of oxidation of the infused glucose.
The studies of Weltan et al. 28, 29 indicate that the percentage contribution of each fuel substrate (i.e. muscle glycogen, plasma glucose and fat) to overall energy expenditure appears to be regulated in part by substrate availability at the start of exercise and Palmer et al. 23 have shown that overall energy expenditure is similar for work bouts of the same average intensity. Since exercise intensity in the current study was similar, with no significant difference between overall mean power for ETT and HTT (275±39 W v. 279±39 W), this suggests a similar overall energy expenditure for ETT and HTT. The results of this study therefore indicate that the substrate that is predominantly utilised during exercise lasting between 2 and 3 hours, has no effect on performance. This is in contrast to suggestions by Gisolfi and Duchman 14 and
Hawley et al., 17 that the inhibition of fat oxidation in the early part of exhaustive endurance events may be detrimental to performance.
Pacing data from this study appear to support the concept of teleoanticipation during closed loop exercise bouts. Teleoanticipation is the process whereby performance is regulated by central calculations and efferent commands in an attempt to couple the metabolic and biomechanical limits of the body to the demands of the exercise task at hand. 27 The time and power for the last 1 km HIP was not significantly different from the first HIP (Fig. 1) , although the fourth HIP was significantly slower. This ability to complete the last HIP at a similar pace to the first is not surprising, as it has been observed previously. 20 It must also be remembered that most cycle road races end with a bunch sprint for the finish and as a result competitive cyclists would be prepared for this.
It is interesting to speculate that the progressive decrement in performance from the first to the fourth HIP in the l km HIP, and the 4 km HIP (Figs 1 and 2) , may be the result of afferent feedback after the first HIP resetting the subconscious efferent command in order to maintain a reserve to complete the entire TT. As subjects in this study were given a financial incentive and vociferous verbal encouragement in order to complete each HIP in the fastest time possible, it may be assumed that their conscious effort was the same during all HIPs. Therefore, we suggest that a subconscious down-regulation of power output via efferent command may be responsible for the decrease in performance during the HIP, prior to the last 1 km HIP. Although efferent command was not measured during this study, this has been shown to occur by Kay et al. 20 In conclusion, the results of the current study show that in well-trained cyclists, hyperglycaemia (i.e. a plasma glucose concentration of ~ 10 mmol.l -1 ) does not improve cycling TT performance.
Fig. 2. (A) Time taken (seconds), and (B) average power (Watts) for the 4 km HIP during ETT (•) and HTT (o).
* Denotes a significant difference (p<0.05) from the first HIP during ETT and HTT.
